The phosphoinositide 3-kinase (PI3K) signaling pathway plays a critical role in the development, activation, and homeostasis of T cells by modulating the expression of survival and mitogenic factors in response to a variety of stimuli. Ligation of the antigen receptor, costimulatory molecules, and cytokine receptors activate PI3K, resulting in the production of the lipid second messenger phosphatidylinositol-3,4,5-triphosphate (PIP 3 ). A number of molecules help to regulate the activity of this pathway, including the lipid phosphatase PTEN (phosphatase and tensin homolog deleted on chromosome 10). By limiting the amount of PIP 3 available within the cell, PTEN directly opposes PI3K activity and influences the selection of developing thymocytes as well as the activation requirements of mature T cells. T cells with unchecked PI3K activity, as a result of PTEN deficiency, contribute to the development of both autoimmune disease and lymphoma. This review dissects our current understanding of PI3K and PTEN and discusses why appropriate balance of these molecules is necessary to maintain normal T-cell responses.
Introduction
T-cell fate is dictated by the integration of signals delivered through a variety of receptors expressed at the cell surface. Receptors including the T-cell antigen receptor (TCR), costimulatory molecules, and cytokine receptors ultimately control T-cell development, tolerance induction, homeostasis, activation, differentiation, and death. A surprisingly few number of downstream signaling pathways can individually and collectively mediate this broad array of outcomes. Appropriate balance and regulation of these pathways is therefore essential to prevent deleterious T-cell responses.
Ligation of TCR, CD28, or common g chain (gc) cytokine receptors all result in the recruitment and activation of, among other pathways, phosphoinositide-3 kinase (PI3K) (1) . Signaling via PI3K is well documented to promote T-cell survival, proliferation, and motility. Unchecked activation of PI3K, therefore, has the potential to drive harmful responses such as autoimmunity and tumor formation. The lipid phosphatase PTEN (phosphatase and tensin homolog deleted on chromosome 10) provides one level of regulation of PI3K signaling. This review focuses on how regulation of this signaling pathway, most prominently via PTEN, is critical for the physiologic control of the immune response.
PI3K
PI3K enzymes are lipid kinases that phosphorylate the 3 0 position of the inositol ring of phosphoinositides, resulting in the production of phosphatidylinositol(3)-monophosphate (PIP), phosphatidylinositol(3,4)-biphosphate (PIP 2 ), and phosphatidylinositol(3,4,5)-triphosphate (PIP 3 ) (2). Accumulation of PIP 3 within the cell leads to the recruitment and activation of a number of pleckstrin homology (PH) domaincontaining proteins (3), including Akt, Itk [interleukin-2 (IL-2)-induced kinase]/Tec, PLCg (phospholipase Cg), Vav, and phosphoinositide-dependent kinase-1 (PDK1) (Fig. 1) . The function of each of these molecules and its contribution to PI3K signaling has been reviewed extensively (4) (5) (6) . Ultimately, activation of these targets in response to PI3K activation promotes a wide range of cellular responses such as cell cycle progression, growth, prevention of apoptosis, cell migration, and differentiation.
Structural studies have revealed that PI3K is a heterodimeric protein that consists of a catalytic (p110) and a regulatory (p85) subunit. Since the identification of PI3K in 1988 (7), eight known catalytic isoforms have been identified in mammals that have been divided into class IA, IB, II, and III. Only the class IA and IB isoforms are able to generate the potent second messenger PIP 3 and are the most thoroughly studied isoforms in immune cells (8, 9) . T cells express three class IA catalytic isoforms (p110a, p110b, and p110d), which are constitutively bound to one of five Src-homology 2 (SH2) domain-containing regulatory subunits (p85a, p55a p50a, p85b, or p55g; often referred to as 'p85s'). Class IA isoforms can be activated by TCR, CD28 family costimulatory receptors, and cytokine receptors. T cells also express a single class IB PI3K. It consists of the p110g catalytic subunit complexed to the p101 regulatory subunit, signals downstream of G-proteincoupled receptors (GPCRs), and is activated mainly by chemokines and by adenosine (10) (11) (12) . As the class II and III PI3Ks have not been well examined in immune signaling, they are not discussed in this review.
Multiple ways to activate PI3K
Recent microscopy studies demonstrated that T-cell activation is accompanied by rapid and sustained production of PIP 3 , which is concentrated at the immunological synapse (13, 14) . The exact mechanism by which TCR engagement leads to PI3K activation remains uncertain. However, data suggest that PI3K (18) , providing a docking site for the SH2 domains of the p85 regulatory subunit of class IA PI3K, which in turn recruit the catalytic p110 subunits of PI3K to the membrane, leading to PI3K enzymatic activity (19, 20) .
Additionally, class IA PI3K has been linked to costimulation by mitogenic signals generated by gc cytokines (IL-2, IL-4, IL-7, and IL-15) (21) (22) (23) (24) . While some cytokine receptors have direct binding sites for p85, others interact with PI3K through adapter molecules. Activation of PI3K downstream of IL-2 receptor (IL-2R), for example, involves the successive recruitment of the adapter proteins Shc, Grb2, and Gab2, and p85 is recruited to the cell membrane via interactions with phosphorylated Gab2 (25, 26) .
Role of PI3K in T cells p110
To evaluate the role of different class I PI3K isoforms in transmitting signals in vivo, several laboratories have generated PI3K mutant or knockout mice. Mice deficient in p110a or p110b are embryonic lethal, precluding an analysis of the role of these isoforms in T-cell function. Mice expressing a catalytically inactive form of p110d (p110d D910A/D910A ), the principal isoform involved in antigen receptor signaling, are viable. These mice exhibited impaired calcium flux in response to TCR crosslinking and were defective in proliferating and producing IL-2 in response to peptide stimulation (27) . p110d has also been implicated in CD28-mediated clonal expansion and T-helper (Th) cell differentiation (28) . More recently it has become evident that p110d plays a critical role in regulating the activity of regulatory T cells (Tregs). In addition to having a decreased proportion of Tregs in the spleen and lymph nodes, Tregs from p110d D910A/D910A mice are defective in IL-10 production and have a diminished suppressive capacity both in vitro and in vivo (29) . Like p110d, p110g also plays a role in signaling downstream of the TCR. Impaired proliferation of both CD4
1 and CD8 1 T cells from p110g -/-mice correlated with diminished tyrosine kinase, Akt, and mitogen-activated protein kinase (MAPK) activation as well as a reduction in F-actin polymerization and conjugate formation (30) . In addition to peripheral signaling events, analysis of p110g -/-mice provided early evidence for a role for PI3K in T-cell development. While the effect of p110g deficiency was somewhat modest, there was a reduction in the total number of thymocytes in these mice, which became more apparent as the mice aged. This decreased number was attributed to a decreased survival capacity in the absence of p110g (11) . More recent studies shed additional light on these findings and suggest the moderate defect in p110g knockout mice was due to redundancy between PI3K isoforms, as mice lacking both p110g and p110d have more severe T-cell developmental defects (31) . More specifically, in the absence of both p110g and p110d, overall thymic cellularity was reduced by 4 50%, with profound reductions in the number of double negative 4 (DN4), double positive (DP), and mature single positive (SP) cells. Defects in both the proliferative burst following bselection as well as reduced survival within the DP population were proposed to account for the overall reduction in cell numbers. These data cumulatively suggest an important thymic role for PI3K activation downstream of the pre-TCR.
Complementary studies show that overexpression of Akt in thymocytes confers increased viability and resistance to apoptosis that is associated with increased expression of Bcl-xL (32). p85 T cells from mice deficient in p85a or p85b develop normally and proliferate in response to various mitogens (33) (34) (35) . This observation suggested that class IA regulatory subunits have either limited or redundant functions. Indeed, characterization of mice lacking multiple regulatory subunits (p85a/p55a/ p50a/p85b knockout) revealed a critical role for PI3K in response to TCR crosslinking. T cells from combined knockout mice have impaired calcium flux, diminished proliferation and cytokine production, and are unable to induce expression of Bcl-xL in response to antigen receptor stimulation (36) . These defects in TCR signaling are partially rescued by exogenous IL-2 or by addition of CD28 costimulation. Although more work needs to be done to clarify the unique and overlapping roles of class IA and IB PI3K isoforms in T-cell activation, these genetic studies underline the pivotal role of PI3K signaling during development and in peripheral tissues is response to a variety of cellular cues.
PI3K and costimulation
In addition to its role downstream of the antigen receptor, it is also clear that PI3K is activated in response to ligation of CD28. However, the precise role for PI3K signals downstream of CD28 remains controversial. Conflicting results have been generated by groups studying CD28 knockout mice reconstituted with a tyrosine-to-phenylalanine (Y170F) mutant of CD28 that cannot bind PI3K. Early indications were that CD28-mediated PI3K signals were critical for driving both the survival and proliferation of CD4
1 T cells (37) . However, more recent studies indicate that PI3K signaling downstream of CD28 is only required for the upregulation of the pro-survival factor BcL-xL (38) . gc chain cytokines provide an additional means of activating PI3K, with IL-2 signals being the best characterized in T cells. It has long been appreciated that signaling through the IL-2R promotes both T-cell survival and proliferation by modulating the expression of Bcl-2 family members and cell cycle regulators, respectively. These outcomes are largely dependant on PI3K activity, as deletion within the S-domain of the IL-2Rb, which prevents activation of PI3K, reduces IL-2-mediated proliferation (39) . Further, addition of chemical inhibitors to block PI3K activity prevents IL-2-mediated induction of Bcl-xL and the cell cycle regulator E2F (40) (41) (42) . The proliferative and anti-apoptotic signals delivered by the IL-2R are mediated in large part by the PI3K pathway member Akt. IL-2 signaling induces phosphorylation of Akt and also promotes its translocation to the cell membrane (43) . Constitutive activation of either PI3K or Akt induces c-Myc expression and prevents cell cycle arrest following IL-2 withdrawal (43, 44) . These data suggest that PI3K is critical for mediating the mitogenic effects of IL-2 signaling. In addition to a direct role for PI3K signaling downstream of the IL-2R, PI3K may also promote cell survival and division by potentiating IL-2-induced signal transducer and activator of transcription 5 (STAT5) signals (45) .
PI3K regulation
Controlling kinase activity PI3K can be regulated by different means, which include control of PI3K activity and catabolism of PIP 3 . This first level of regulation, terminating the activity of the kinase itself, is mediated by several molecules, including the tyrosine phosphatase SHP-1. It has been demonstrated that SHP-1 can dephosphorylate tyrosine residues that serve as binding sites for p85, resulting in relocation of p85 away from the membrane and into the cytosol (46) . Additionally, SHP-1 may inactivate PI3K by directly dephosphorylating Tyr688 of p85. Another potential mechanism of PI3K inactivation involves the E3 ubiquitin ligase Cbl-b, which can associate with and ubiquitinate p85 (47) . While ubiquitination does not induce degradation of p85, it does prevent its recruitment to the TCR and CD28 (48) . Interestingly, the T-cell defects associated with Cbl-b deficiency, including increased cytokine production and proliferation in response to TCR signals, appear to be largely due to dysregulated PI3K signaling. Blockade of PI3K using chemical inhibitors restores a wildtype (WT) phenotype to Cbl-b -/-CD4 1 T cells. In addition to SH2 domain-containing phosphatase-1 (SHP-1) and Cbl-b, cytotoxic T-lymphocyte antigen-4 (CTLA-4) may also play a role in inactivating PI3K signals. The intracellular domain of CTLA-4 contains a YxxM motif that binds p85. While the significance of this interaction remains unclear, its possible that CTLA-4 also serves as a sink, preventing p85 from associating with activating receptors such as the TCR and CD28 (49) .
In addition to terminating the activity of PI3K, a second mode of regulation of this pathway involves hydrolysis of the lipid second messenger PIP 3 . This level of regulation is provided by two inositol phosphatases, SHIP (Src-homology 2 containing phosphatase) and PTEN.
SHIP
Upon TCR/CD28 engagement, SHIP is recruited to the plasma membrane (50) . Once recruited, SHIP hydrolyzes PIP 3 at the 5 0 position to generate phosphatidylinositol (3,4)-biphosphate [PI(3,4)P 2 ]. Hydrolysis of PIP 3 by SHIP prevents the membrane localization of certain PH-domain-containing proteins such as Akt. Interestingly, some proteins, such as TAPP1 and TAPP2, actually have a higher affinity for PI(3,4)P 2 than for PIP 3 (51) . These data suggest that SHIP does not just quantitatively diminish the PI3K signal but also qualitatively modulates the signaling pathway. The importance of SHIP in regulating lymphocyte responses has been demonstrated by the production of SHIP knockout mice, which have a shortened life span and develop both splenomegaly and autoimmunity (52, 53) . More recent studies in which SHIP was specifically deleted within the T-cell compartment suggest that SHIP plays a role in regulating the Th1/Th2 lineage decision and also limits CD8 generate PI(4,5)P 2 (58) (Fig. 1) . By preventing the accumulation of PIP 3 within the cell, PTEN limits the activation of Akt/ PKB and therefore blunts the survival and proliferative signal delivered by PI3K. It is through its regulation of this pathway that PTEN is thought to exert its tumor suppressor activity. While PIP 3 is thought to be its primary substrate, PTEN also has documented protein phosphatase activity. PTEN can directly bind and dephosphorylate focal adhesion kinase (FAK) (59, 60) . Mutants of PTEN that lack lipid phosphatase activity retain this capacity to dephosphorylate FAK, the result of which is decreased cell adhesion and migration (61) .
While still little is known about how PTEN is regulated, structural studies have provided insights into several different potential mechanisms (62) . PTEN is a 54 kDa protein that contains an N-terminal phosphatase domain, two PEST sequences, a PDZ-binding domain, and a number of phosphorylation sites at the C-terminus. PTEN can be phosphorylated on Ser380, Thr382, and Thr383. Mutation studies demonstrate that phosphorylation at these sites stabilizes PTEN but also reduces its catalytic activity (63) . Additional work has identified kinases, such as the protein kinase CK2, that can phosphorylate PTEN in vitro, but it still remains unclear which kinases are responsible for this event in vivo (64) .
A second possible mechanism of regulation of PTEN is mediated by protein-protein interactions. PTEN binds to the scaffolding molecule MAGI-2 through its PDZ-binding domain. This interaction prevents PTEN degradation and also promotes its activity. Thus, binding of PTEN to MAGI-2 may improve the efficiency of PTEN activity by stabilizing it as part of a multi-protein complex at the cell membrane (65) .
More recent studies have identified a third potential mechanism of PTEN regulation, as the two PEST motifs of PTEN are targets of ubiquitination (66-68). Wang et al. (66) demonstrated that poly-ubiquitination of PTEN leads to its degradation and that this event can be mediated by the E3 ubiquitin ligase NEDD4-1. Interestingly, mono-ubiquitination of PTEN does not promote its degradation but rather results in increased nuclear import of PTEN. While it has long been recognized that PTEN is expressed in both the cytoplasm and nucleus of many tissues, the role of nuclear PTEN had not been appreciated. These studies shed light on this observation and suggest a phosphatase-independent role for PTEN in maintaining chromosomal stability (68) . Given PTEN's role in regulating cellular responses such as survival, proliferation, and transformation, many groups have focused on characterizing both cell lines and mouse models with defects in PTEN. Several laboratories attempted to generate PTEN null mutant mice. However, these mice die early during embryogenesis (69) . Subsequent characterization of PTEN heterozygous mice revealed a high tumor incidence in various tissues, including some spontaneous tumors of T-cell origin (70) (71) (72) . Additionally, T cells from PTEN 1/-mice were hyperproliferative and less sensitive to activation-induced cell death. With age PTEN heterozygous mice develop classic signs of autoimmunity including lymphadenopathy, kidney disease, and elevated serum autoantibody levels (70) . Together, these observations suggest a potential role for PTEN in regulating T-cell proliferation and survival.
To better study the role of PTEN in T cells, mice with a T-cellspecific deficiency in PTEN were generated using the Cre-loxP conditional gene targeting system (73) . The results of these studies are the focus of the following sections. In particular, we describe our current understanding of PTEN's involvement in regulating the responses of both developing thymocytes as well as mature T-cell subsets.
Role of PTEN in T cells: development
In the last few years, it has become increasingly evident that PTEN-mediated regulation of PI3K signaling in the thymus plays a critical role in T-cell development. The first evidence for this was provided by Suzuki et al. By promoting iNKT cell development, these data highlight a secondary mechanism by which PTEN acts to suppress tumor formation. These data suggest that PTEN is critical for regulating T-cell selection signals in the thymus. Expression of PTEN imposes a requirement for growth and activating signals at various stages of development and may ultimately play a role in regulating lineage fate decisions. The contribution of defective T-cell development in the absence of PTEN to the aberrant T-cell activation and lymphoma formation that is observed is still not clear. Given the broad array of functions that PI3K signaling mediates, additional experiments will be required to determine which dysregulated signals contribute to disease progression in this mouse model.
Role of PTEN in T cells: effector CD4
1 T cells The two signal hypothesis proposes that naive T cells require antigen receptor signaling (signal 1) in the context of costimulation (signal 2) for optimal activation. CD28 is the best characterized T-cell costimulatory pathway, and activation of PI3K downstream of CD28 is thought to be a critical step in its effects. The observation that PTEN-deficient CD4 1 T cells generate augmented PI3K activity in response to isolated TCR signals raised the possibility that these cells may no longer have a stringent requirement for costimulation to become activated. Indeed, in vivo proliferative responses that require CD28 costimulation under WT conditions are intact in the absence of CD28 when T cells are deficient in PTEN. Consistent with this observation, CD4 1 T cells from PTEN-DT mice are refractory to anergy induction both in vitro and in vivo following TCR stimulation in the absence of CD28 costimulation (76) . Cumulatively, these data suggest that by negatively regulating PI3K in response to sub-optimal TCR signals, PTEN imposes a requirement for costimulation that may in turn play a role in maintaining immune homeostasis and self-tolerance. In addition to promoting T-cell activation, CD28 costimulatory signals are critical for driving Th2 responses. Consistent with the hypothesis that PTEN-deficient cells have a diminished requirement for costimulation, CD4
1 T cells that do not express PTEN produce elevated levels of classic Th2 cytokines even in the absence of CD28 signals (Fig. 2) . In response to stimulation through the TCR alone or in combination with CD28, PTEN-DT CD4 1 T cells produce approximately 5-10 fold more IL-4 and IL-10 than WT T cells. Differences in IFN-g and IL-17 production are much more modest (authors' unpublished data). This exaggerated Th2 response in vitro is complemented by the observation that there are greatly increased levels of immunoglobulin G1 (IgG1) and IgE in the serum of PTEN-DT mice (Fig. 2) . These data provide preliminary evidence that PTEN-deficient T cells may have a Th2 bias and that appropriate regulation of PI3K signaling is important for balancing effector cell differentiation in the periphery. The phenotype of PTEN-deficient T cells is similar in many ways to other models where key negative regulatory elements, such as Cbl-b or tumor necrosis factor (TNF) receptor-associated factor-6 (TRAF-6), have been mutated (77) (78) (79) (80) (81) (82) . Reports characterizing the defects in Cbl-b and TRAF-6 mutant mice show that deficiency of either of these molecules generates a population of CD4 (Fig. 3) . Dissecting the different targets regulated by these various molecules may help shed light on the mechanism by which effector T cells are held in check by Tregs. (83) . PTEN-DT Tregs expand 15-25-fold in culture with recombinant IL-2, in contrast to WT Tregs which fail to accumulate under these conditions. Importantly, expansion of PTEN-deficient Tregs with IL-2 does not alter their suppressive capacity, as they retain their ability to prevent colitis in an in vivo model of inflammatory bowel disease. Knockdown of PTEN, therefore, may be a useful tool for expansion of this potentially therapeutic cell population.
These data strongly support the idea that PTEN plays a critical role in regulating the response of mature CD4 1 T cells in the periphery. Little work has been done characterizing the role that PTEN-mediated regulation of PI3K plays in the context of other T-cell populations such as mature CD8 1 T cells and effector versus central memory cells.
Concluding remarks
The common theme among all these results is that PTEN appears to set a high threshold for signaling. Expression of PTEN in T cells tunes the strength of signal necessary to mediate a response. We propose that a primary function of PTEN is to prevent aberrant T-cell survival and activation, and it accomplishes this by imposing a stringent requirement for appropriate environmental signals at various stages during the life of the T cell. T cells activated in the absence of appropriate cues can contribute to deleterious fates, such as malignancies and autoimmune disorders. There is increasing evidence that a common link exists between autoimmunity and cancer (85) . PTEN is one of many different regulatory elements, including BIM, Fas, and CTLA4, that serve as checkpoints to prevent prolonged signaling and aberrant lymphocyte activation, and mutations in each of these molecules are associated with lymphoid hyperplasia, autoimmune disease, and malignancy (86) (87) (88) . Studying models in which cancer and autoimmunity are coincident will allow us to better understand if common or divergent signaling events lead to the onset of autoimmunity and the initiation of transformation.
While much work has been done in recent years to elucidate the role that PTEN plays in regulating T-cell responses, many questions remain. Importantly, we still have a limited understanding of how PTEN expression and function are regulated in T cells. While it has been shown that TCR signals can result in PTEN degradation, little is known about how other cell signaling events, such as costimulatory molecule and cytokine signaling, influence PTEN function. Additionally, other T-cell subsets, such as CD8
1 T cells and memory T cells, also express PTEN. Yet, there is no work describing a role for PTEN in these populations. Finally, it would be of great interest to know if modulation of PTEN within various T-cell subsets could be beneficial as a therapeutic tool. Downmodulation of PTEN might, for example, improve the anti-tumor response of effector CD4 1 T cells. Tumor cells are known to have decreased expression of costimulatory molecules, preventing robust effector T-cell activation. PTEN deficiency, however, relieves T cells of the requirement for costimulation, suggesting they may be less susceptible to tumor tolerizing mechanisms. Additionally, downmodulation may be a practical approach for effectively expanding regulatory T cells ex vivo, a process that could prove useful in the setting of transplantation.
